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A new guidance technique, referred to as 4-D guidance, is being
developed to improve the operation of futurg STOL aircraft
transportation systems, 4D guidance refers o a technique of
synthesizing a complex three dimensional flight path from simple
pilot inputs and flying the aircraft along the path according to an
ATC specified time schedule. The two major elements of 4 4.0
guidance system aro the trajectory synthesizer and the controf faw
for flying the aircraft along the synthesized trajectory using the
aircraft’s autopiiot and autothrottle. thputs 1o the trajectory
synthesizer are the three-dimensional coordinates of waynpoints, the
turning radius, the speed range, the acceleration Hmits and the arrival
time at time control waypoints, First the three-dimensional trajec-
tory is computed using circular arcs and straight lines, Then the

airspeed profile, compensated for wind, is calculated to achieve the
desired arrival ¢
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Abstract

A new puldance technigue,
ance, Iz being developed to fm
future STOL alreraft transpe
ence refers to a technlque of
three-dimensional flght path
and flying the afreraft along the path according te an
ATC specified time achedule. The two major elaments
of & 4-D puldance system are the trafectory synthesizer
and the control law for flying the atreraft along the
syntheslized trajectory using the aireraft's autopilot and
autothrottie, Inputs to the trajectory syntheslzer are
the three-dimensfonal coordinples of waypoints, the
turning radius, the speed range, the acceleration mits
and the arrtval time at time control waypoints, First
the three-dimensional tralectory is computed using
cireular arcs and straight lines, Then the gl rspeed pro-
ifile, compensated for wind, 13 caleulated to achleve the
deslred arrival thmes. The pliot is Informed {f the ar-
rival times cannot be achleved, The syntheslzed trajec-
tory 1s stored as a time sequence of releFenes Biates
id co rels which the alreralt s Toroad L :

referred to as 4-D guld~
prove the operation of
rtation systems, 4. guld-
synthesizing a complex
from simple pilet Inputs

0
a linear Teedback law, On the assuipllon tEAT 40 guid-
ance will be available on board future STOL aireralt, a
technlque {8 described for assigning confliet free landing
IGF RITCFAIt aFFIVIAg in the terminal area,

a,

Intreduction

Advanced STOL and VTOL alreraft will soen become
Important elements in the nation's air transportation
network, In order to exploit the unique operational ad-
vantages of these airoraft, they must be equl pped with
guidance and navigatfon systems that satisfy far more
stringent performance requirements than those cur-
rently used in conventional alreraft. Performance
specifications for these systems are determined primar-
ily by air traffic control constraints, nolse abatement
maneuvers, and the necessity to fly STOL and VTOL
velricles near obstruction and within very restricted
airspace. Nolse abatement and restricted alrepace
corridors require precise guidance and navigation along
curved three-dimensional path almoest to the touchdown
poini, This technlque 18 referred to as 3-D guldance.
Alr traffle contro] requires the nircraft to follow g spec-
Hled time schedule along the path. 3-p guldanee plus
time control along the path is referred to as 4-D
guldance. :

“This paper describes the design of n 4-D gutdance
gystem that will be flight tested In a STOL alrcrafl at
NASA Ames Research Center. It includes a dlscussion
of deslgn considerations and a description of an algo-
rithms for trajectory synthesis and control implemented
on the alrborne computer. Finally, 1t addresses ftself
to the questfon of hew an alr traffic control center may
uitllize the precise tralectory control of a 4-D guldance
system 1o sequence and space alreraft for landing,

+An essentlal input to & 4-D guldance system [a pre-
ciglon navigation datn. The design and flight tests of o
navigallon system which can previde this datn s dig-
cussed {n the papers by Schmidt, and MeGee and Smith
inthis session,
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N WITH APPLICATION TO
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Design Considerations and Interaction with ATC
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Chief criteria for sclecing the 3-D path are STOL
terminal area maneuver requirements and simplicity of
compufation. These criteria are met by synthesizing the
3-1 path from geometrically stimple elements. In the
horizontal plane these elements consist of segments of
circies and atraight lines. Complex flight paths are ob-
talned by fnterconnecting several ne segments and
sections of cireles with different radif. Paths construc-
ted In this manner can yvleld minlmum time trajectories
as discuszed [n Refs, 12, and 3, The vertleal trajecs
tery is synthesized from sections of constant flight path
angie. The complete three dimensfonal flight path is
then obtafned by requiring the aircraft to fly the vertical
profile along the ground track determined by the pre-
viously computed horizontal trajectory, A critical prob-
fem in implementing this synthesia procedure is mial-
mizing pilat work load in entering a trajectory, As
explained In the next section, this problem Is solved by
using waypolnts to specify the trajectory,

After the three-dimensional path has been established
the desired posttion of the afreraft along the path as a
functlon of time Is determined from constderntions of
alr traffic control, Generally, more than cne alreraft
will be flying along the 3-D flight path or will he merging
with the path at certain of it peints referred to as
merging points, This Is filustrated In Fig. 1, Atrcraflt
on the two approach routes merge in the vicinity of the
approach gate. In the current air traffic control system
the final approach controller is responsible for merging
alreraft at this polnt., He does this by observation of the
atreraft on the ATC radar and by Issulng speed and
vectoring instructions to the pilots. The delays, in-
aceuracies and other limitations of this manual control-
ler — pliot control loop yield a broad envelope of aireraft
trajectories between the feeder fix and the gate, shown
as the hatched area In Fig. 1. This manua} technique can
deliver alrceraft to the approach gate with a time accy-
rach of approximately +15 sec. It [s well known that the
time control accuracy Thfluences the required spacing on
final approach, whick In turn determines the landing
capacity of the runway. (4} Through the use of 4-D
guldance technlques the accuracy of time control can be
greatly fnereased, thus providing a basis far achieving
higher landing rates and greater automation In the cone
trol of terminal area traffic. instead of the controlier
issulng vectoring and speed commands to space alreraft,
the wir traffic control Bystem specifics ouly the desired
arrival times st a small number of polmts along the
terminal approach route leaving the burden of computing
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alreraft contre
board system.

From a knowledge of the
arrival times at speeified P
guidance system computes
The alrspeed computation
“nimum and max;
craft’s acceleration and deceleration
landing approach speed and the effect
spectfying arvival times alr traffic o
Hmlted knowledge of alreraft's pe
Therefore, the algorithm
fensibility of the specified
them with the true mintmu
craft can

3-I path gnd the de slred
olnts on the path, (he 4-D

algorithm

must conslder the
mum permissible

capability, the

must first determine the

arrival times by compering
m and maximum times the af
acldeve without dey
annot be achieved, air
ested to reaslgn aryival

tmes or permit delaying rmaneuvers such as helding

ind/or path stretching,

In the pPreceding dis
ment, the questiay left unanswered w
control wiil generate the arrival
cach sireraft, To clarify thi
wreraft equipped with a 4
Just arrived at ope of the
assumed that the aireraft
proceed tow
flying betwe
viousiy assj

cussion of arrival time asslgn-
as how alr traffic
times to be asslgned to
& question, consider an

-i guidance system which has
feeder fixes in Fig, 1. 1t is
had previously been cleared to
ard the feeder fix. Those alrcraft currently
¢n the feeder fIxes and the runway were pre-
gned arrival times at the gate and the towch-
down point. Glven the schedules of these aircraft and,
for the new afrcraft, an estimate of the minlmum and

maximum Hmes to the £ate and from the gate tg the
touchdown point, a tech

times at the gate and at
Separation standards be
the afreraft iande in ml
to calcuiate such times
This algorithm is brieq
this paper,

the touchdown point such that
tween aireraft are satisfied and
nimum time, A general algorithm
has been describeq in Ref, 3,

¥ reviewed in the lagt section of

Specification of d-1 Path

The problem of specifying and cale
is divided into twa problems so)
the projection o
computed from an analysis of w
desired turning radit, Then the

ulating the 3-0 path
ved In sequence. First
n a horlzonta] plane, is
aypolnt coordinates and
known are length of the

A cruclal
tory parameters
18 explained with t
in Fig. 2. The traj

at touchdown, waypoint 7. Although thig ¢
be flown by a 8T

two type

ferred to ap ordinary and fina! heading waypolnte,

Ordinary Waypointa

This type {5 exemplifled in Fig, 2 by waypoinis 2, 4
and 5. Its location ig defined by the intersection of two
Btralght Hneg, The two lines are connected by an arc of
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the required alrspeed profile,
alrspeed, the aip-
of winds, Also, in

nirol will use only
rformance capabilities,

tating from the 3. path, If

nlque {s needed to specify feasible

I inputs to achleve these times to the on-
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aclrele tangent to beth liney,
the waypoint is rounded to obt
craft can fiy. The radius of the efrele used [n rounding

the corner can ¢ither be explicitly specifled by the pilot,
as In this example,

from a maximum b
glven ®max, the minfmum turnip

on the maximum ground speed Vv
Ina 360" turn and {s

Thus, the sharp corne

rat
aln a trajectory the afp-

ank angle constralnts, @pay. For a

g radius Rypy depends
gmax that can be attained

vﬂ
. FINIAN
Bmin “““b**“g fan oy

)

where g s the acceleration of gravity.
ground speed {5 the sum of the maximuy
magnitude of the wind vector.

The maximum
m alrspeed and the

, the
the y axis polats
anding direction, Heading
from the direction of the

1

X axis points In the landing divection and

to the right when facing in the |

angles are measured clockwlse
positive x axig,

starting with the lngt w

aypoint to be {lown through and
ending with the first on

e, Forthis purpose Fig, I shows

quantitles lpeq, xp4q, Xpi+1, and ¢
together with *e ¥h Ry and x4, Yi-1,
the parameters for the ith
etradght line gegment betw
given by the relation

1+1, which
are used to obtaip
wayncint, The heading of the
en waypolnts (-1 and 4 is ¥i.

¢, = arctan it Vi -1806* < y, < 18p° (2)
i x - X 4 [
The heading change %y 1n the eircular Begment near
waypolut { ig
o =dmed o ; .
BT TR Wy g 180 %y % 180 )

where the dirept

fon of the 1y
and to the ip

TR I8 to the right foy d?tﬁ >0
ft for qivﬂ < 0.
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Fig. 3. 'I‘m)ectory censtruction for ordinary Wiypolnts.

Next, ealculate the quantity bi shown in Fig, a.

by = B tan “’u! 2 {4
The length of the straight segment 41 is then

d, =] L ()

If d!+1 Irom Eq, €5 Is less than ero, adfacent \ums
overlap the computation of the trajectory must stop, and
the pilot 1s given a dlagnostic message, such pa "way-
polnts  and i+ are too close.” The coordinates for the
end of the turn and the center of the furn are

XQI' = Xt bi cos wi«‘l {G)
:”QI Tyt hi sin lﬂj_,l {7y
*pg < le ¥ Ri sin ¢'i+i (8}
YRy T Yy £ By eos g {9}

whare the upper sign is chosen for g right turn and the
lower slyn for a fen rn. Next, the distance l% is
calculnted;

———

[T 2
Ii L’\/(xj_l - XI) + {‘yl—l - yi) - bj li >0 {103

1 {8 tess than Zero, the calculntiog cannot contlpue and
the pilot is Eiven a diagnoatic message, such pe way-
polnts {-1 and ¢ are too close. Ifly » 0, the {teration
ta completed by enleulating the conr fnates of the bogin-
ning of the turn:

X, = X - b] cos wl (113

Pt

. 1
Ypr T ¥ - by oala g, (12)

These {terations are continued unti] the flres waypoint s
teached, Since the waypolnts entered do not always yield
a4 fiyable trajectory, on-hoard calculation of the irajec-
tory Eenerally will require g system that permita the
pilot to correct errors after the aystem has {rsued a
dingnostie mesaage,

Fina! Irem%lng Wugpoints

This type g Hustrated in Fig, 2 by waypolnts 3, 8 and
7. Instead of reunding the corner at the intersection of
two lines, the trajectory for this type nasses through the
waypoint at the Instane the turn toward the next waypeint
has been completed, Thus, the alreralt beging its fiight
along the stralght {ine segment exactly over the waypoint,
There are two reasons for Introducing thig type of way-
polnt,  First, |t simplifies the specification of some
trajectory segments, such as the turn at waypoint 3,
which containg meore than 18¢° Recall that the turn at an
ardinary waypoint ig Hmited to less than 180", Second,
this type is requlred if the arrival time at the vaypoint
is specified, Spectfieation of arrival time at an ordin-
ary waypeint lacks preclsion since the waypolnt coordin-
ates themselves do not fall on the trajectory. By
requiring all alrerafp that are merging to [y through a
peint on the merging path with g common heading, the
assignment of arpiyal tmes at the merging waypolnt can
be used 1o achieve precige spacing of aireraft,

In the speot flcation of g trajectory, ordinary and
{inal heading waypoints can he alternated In arbitrary
fasklon, The general procedure for caleulnting the
trajectory paramete rs 1s {llustrated {n Fig, 4 with a fina
heading waypoint, {, embedded between waypoints {3
and i+1 of arbitrary type, As bofore, the trajectory s
computed backwards from the last waypoint, ‘The final
heading, lf’H to be achieved at waypelnt | was previ.
ously determined I the caleulation for waypeini {+1 and
1s therefore a known quantity. It {s evident from Fig, 4
that the destred final heading at waypoint 1 ¢an be
achieved with two trajectories, one ending with a loft
turn, the other with g right turn, The criterion for
selection {5 1o choose the one with the shorter path fength
between waypoints i-1 and |, To make the selection, '
the coordinates of the centers of the two turns are
caiculated;

I Ri sin fp”l. (13}
Yp ¢ o ni cos l’bi+l {right turn; {14)
ST X+ Ri sin gfz“l. {15}
¥r = LA Rj cos ¢'£H {left turn) (16)

Then, the distances squared from waypaint i~1 to each
center are:

2 2 i 2 N
RIS Oar =¥y (17)

- z, % 1%
RIS IR T A A Yio1 ¥

¥rom the gwometry of the construction In Fig, 4, 1t can
be seen that the trajectory with shorter path length alsg
has assoelated with it the shorter of the two distances

tdpe and dy g4, Thus, the right furn trafectory {s chosen
thjm 12 greater than dri. I the waypolnt {~1 Hes op
the Une determined by waypoints 1 ang i+1, hoth
trajfectories have the same length and the direction of the
tern, I a tury {g required, must be selected on the basie
of another criterion, The next step is to determine
whether waynoint {.] Hes inztde op outslde the ciroie
used to define the turn. Suppose the right turn was
previously gelected, Then the waypoint iieos Inside |f

df'?i < Rg and outside or on the elrele if égﬂ > RLonf
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Flg, 4. Trajectory censtruetion for final heading

waypoints,

thls former case s true the trajectory 1s not feasibie,
further Ccompmpmiation of the trifectory stops and the

ptlot 15 given the message "waypointe | and i~1 are too
close . In the iatter case, the caleulation continnes with
the computation of the heading Yapt of the directed line
dpy i a right turn {a required or the heading ‘)dl,t of
the directed }ine dygifaleft turn 15 required,

Tre T Y
"bdﬂl = arctan P E— (right turny, {19)
R f-1
T Y
4 ToArctan we——el pjagy tury) (203
dig Xy X1

Next the angie ;’im ts computed for a rlght turn

'ﬁm = arcsin fj_ {right turn) {21y
d_,
Ri
or ;f;u fora left turn
R,
¢“ = arcsin-&wl—- {left turn) {22)
. L1

The heading &)i is then

mod

17 T80 Wgy - ¥py) (23}

1f the Lrajectory contains n rlght turn and

; mod

£ Wy * v 21)

if it contalns a left turn. The length. d., uf the Btrajght
Hne segment from waypoint i~1 to the b&glxm[ng of the
turn is

2 2
dt = dﬂi - R[ (right turpy, (25)
z g .
di =/ du - Bl (lelt turp) {26)

Finally, the he ading change ¢ . In the turn is obtalned
from the difference between ¢ ang ¥ _y. and the coordip.
ates of the begtnning of the tudy to wayr}oint i are

xm = x£~1 ¥ di CO8 ﬁ}I @

Spt F ¥yt d, sin v, {28

Further details, Including flow chapte far the synthesis
protedures are given in Hef, 6.
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Technique of Fiylng to the Flrst Waypoint

In the preceding discussion, the trajectory from the
first to the laat waypoint was synthesized, To complete
the synthests, the trajectory from the af rerafi’s initigg
posttion and heading to the first waypelnt must be con-
structed,

The censtruction procedure depends on the type of the
first waypoint, [f 1t ia an erdinary waypolnt, the trajec-
tory I8 constructed based on the rule that the alreraft will
turn from its current headlng toward the first waypelnt
In the direction that minlmizes the total path lengih to the
st waypolnt, Thig ig the same criterion that W&s used
in constructing the trajectory from wiaypoint {+1 to way-
Point L, where waypolnt | {g of the fixed {Inal heading
type. Thus the procedures of the preceding section apply
I the inftial heading ¢ s (demtifiod with ¢ . the
inftlal position with the coordinates of wayptiht §oand the
coordinatey of the first waypolnt with those of wiaypoint
{1 und the af rplane travergog Fig. 4 In the opposlie
sonse,

H, however, the flrat waypoint [g the fixed flag; heud-
Ing type, a procedure different from those discussed so
far must be used, This guidanca problem can be stuted
a8 follows: Determine a irajectory that siarts from a
glven [nitlal pesition and heading and leads to & pusition
with a speclfied flnal headlop. Since this problem has
been dealt with extensively in Refs, 1, 2,3, 6 and 7.
only a brief discussion of resulls I5 given here, Refer-
#nees 1 and 2 give minimum time solution to thig prob-
lem, with Ref, 2 dertving the optimum control law,
Simplified solutions are discussed {n Refs, 3 and 6, In
the simplified treatment, the required trajectory con-
slss of a turn, straight flight, followed by ancther turn,
The parameters of the three sepments are chosen so as
to satisfy the Initial and final condltions of the problem,

Altitude Profile
2pERAE yrolile

The caleulation of the aititude profile g slmple,
requirving only the determination of o flight path angle
Y belween waypoints §-1 and . Since the horlzontal path
lénglh between waypolnts Is known, the flight path rngle
is glven by

~ h
Yi o= aretan -4 -1 {29)

5

where s, ig the horizontal path length, between waypoints
Land 1T and h, ang b are the altitudes specifled at
waypaints | snd i-3 z‘le_blpectively. In crder to compute
from the segments of turns and straight lnes (1 is
nécessary to define at what point on the horizantal trajec-
tory the speclfied waypelnt altitude [5 to be achieved,

The rule used ts that the waypoint altitude must he
achfeved exactly st the engd of the turu for a glven wiay ~
polnt, This rule (s used for both ordinary and fing]
heading wiypoluts, The last step in the altitude profile
computation {8 to check if each ¥i lies within the range

of permisasihle flight path angles for the aireralt,

It 18 possible and perhaps desirsble to define more

complicated altitudg profiles between waypolnts, Pro-

lea that minimize 8 performance function such as the
fuel consumed could be valunble, However, the limlted
stze of the alvhorne computer to be used in flight tests of
this guidance sysiem, together with the requirement for
on~hoard commiation of the trafectory does not permit
canslderation of more complex technlques at thig time.

Speed Profile Com putation

Precise time control of alreraltis sochieved by determin-
ing a feasible speed profile along the already computed




3-D trajectory, A speed profije tg sald to be feasihlg {f
it satisflen the following conditions:

1. The alrspeed remaing between the minimum
and maximum alrspeead restriction imposed along tha
trajectory,

2. The rate of change of alrspeed does net excead

the acceleration/deccieratien capabilities of the
alreraft,

3. The resulting Eroundspeed yields the desired
arrvival times gt those waypoints where they have been
presceribed by ATC {(such waypolinta are referred to ga
time~controlled Waypoints),

The first two condltlons tmply that the flying time
between any two points on the trajectory [g hounded
above and below by the minimum and maximum times
corresponding to the maximum andg minimum alrspeeda,
respectively. Cansequcutly, If arrival thies at the
time~controlled Waypoints are assigned arbitrarily, then
a leasible speed profile may not exjst, In order to
assure the existance of & feasible speed profile, ATC
xasigng arrival times based op the minimum and maxi-
mum possible flying times between successlve pairs of
time-controlled waypoints,

The determination of a feasible apeed profile In the
absence of wing wouid he a reiatively simple task, for in
this case alrspeed and Eroundspeed are fdentlcal, In the
Presence of wind, Zzowaver, the relatlenship between
alrapced ang groundspeed ig highly nonlinear, and the
problem becomes tonsiderably more comblex. Assum-
Ing a steady wind, the expression for the magnitude of
the Eroundspeed, Vg(t). at any time t {g given by:

——e.

. A S "
Vg(l}-= Vot - V‘i sin’ d)w(g + Vo5 )

where V_(ty and V. are the magnitudes of the alrspeed
and windspeed respectively, and ¥ (1) 1g the angle Irom
the wind direction to the ground he:mlng, measured

positive clockwise. The differential tquatien governing

30y

yﬁw{ﬂ is:
Im“w(tlj . 2 for strafght flight {(31a)
. o I-'lfvg(t) for circular flight (31l

where R g the radius of turn, Exgpet analytie expros-
slong ford}V(r) and ¥ _(t} can be found only in the case of
strafght fifght with cgnstant #irapaed, A conslderable
simplification can be made by assuming that

2
( V"") << 1 for ail ¢t

i (323
VoD

Supporting evidence Indicates that inequallty {32} is a
geod spproximation hot only for OTGL but 8707, alrernst
operations ng well, Undor this Résumption Fq, {30} can
be written ag

Vg{t) = Vn(t; + Vw cos t{:w(:.) £33y

Before consldering the apeed profilas for straight and
curved {light In more detail, it g necossary to establiash
certaln desirable characteristies for alrspecd proflles,
In the design of the 4-D guldance system described in
this paper, the paint of view was adopted that the ajr
speed proflie should bz a plecewise Hnear function af
time, i.e,,

Valh = v o s Mottt ctg Lhep k=001 000 my

where s the constant value of acceleration/
deceleration in the fnterval {, , 1) Furthermore,
changes In alrspeed should oc ur (:[;ly at a few places
tilong the trajectory, preferably at those points where
the minfmum and maximum admigslble alrapeeds change,
Theae requirements were dictated by censiderations of
passenger comlort, pliot workload, and simplicity of
implementation, A typieal af repeed profile possessing
these characterist]cs I8 shown in Fig 5
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Flg, 5.

Stralght Flipht

Let the desired airapecd along a Btralght {light seg-
nient of lengty d}c be given by Eq. {34). Then the
analytlc expressions for &Jw, Vg, and tk+} are

Typleal atrspeed profile,

e’f)w(t) N I"P)w{tk) (5
Vg(t) = V() + et ) + vV, cos LR {36
bo.o=t o+ {mv {t,) + /vz(:—:::m:} 'fa (37)
xer T Y etk ghid o Zadyjra, :

Curved Flight

Let a curved light segment censlst of a circular tupy
of ¥, radians with turning radius R, (guth) for a right
turn, wt <0 for a left turn), If the desired airspeed
along the ‘ireular are |5 glven by Eq, (34}, then no
analytie expressions can be found for ¥, V. and tyq-
Since numerical Integration for determinlng the spec:dl
profile would be prohibitive, g differcnt approach is
needed. It so happens, that Eq. (31h) becomes fntegrable
H the airspeed has the fellowing form

V., cos i.bw(i,!

=V (h)+a {1+ ft-t)
Va( ) alty) k va (fk) K
tp "t s Y (38}
In this case the analytle expressions for !JJW. Vg, and
tk+1 are
; X
e T Y S
€, (= 2an é"(-; tan [tau F tan 3
i 2 H
C. / ay.
2 I
F T " A T tz (39
& Rk Bgn ‘“i}«: \ 2 a_,Lk)




V., cos b, ()
Vg(t) = Vg(tk) a1+ v, (tk) t-t)
+ Vw cos {{lw ) {40)
s
Va(tk} ay _
HI=-——;;:- -1+ l+mtk+l {41)

were Ci' C2, and E-k are deilned by

, ey 2
C:1 w Va{tk) + Vw . C2 “\/va it.) - ‘vw

L P ) e AR
=TT ftanT T b= tan T
fet 1 C2 <y b
wi Cn q‘"W {tk)
~ tan T otan
¢
(Note that tepr = Fk-f—l if = 0). Although V. iiven by
(38) Is not a linear lunction of time, for values of Valty)
and V. satisfying Inequality (32), Vait) turns out to be

very nearly linear.
shows the al rspeed a
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ko
&
= i
"o
a ]
u 2320 -
& j/ - Q | Qg !
; 25{2.5 | wre. |
't
o] LLW.-_ _Lm_dm.wxw_.u_a_m;_%i___
220 240 260 280 309
TIME, sec
Fig, 8. Portion of alrspeed and groundspeed time

kistory for example trajectory, wind = 25 ft/sec,
The only remalning quantity still to be determined is
the desred alrspeed profile. Since the earliest and
latest poasible arrival times are achieved by fiying the
alreraft on the boundaries of the admissible speed
rofile correspending to an
st lle between the speed
boundaries (see Fig. 5). The nonlinear relationship
between arrival time and alrspeed necessitatea the
use of an {terative procedure for the detormination of
the desired airspeed profile. Bastcally, the procedure
adiusts the cruising speed level betweon each palr of
fHime~contrelled waypolnts so that the preseribed arrival
times are achleved. This in done by using expressions
of the form £37) and (43). A more detalled discussion
of the entire #peed profile computation can be found {n
Ref, 8.

In
d.
and
i

A final remark concerning the wind s In arder,
this paper only the case of steady wind is considere
it 18 well known, however, that both the magnitude
direction of the wind are functions of the altitude,

p=l

e}

these functions wore known,
porated In the speed profile

they eould be easily incor-
computation,

4-D Trajectory Synthesls: An Example
%M
The preceding sections deg

to calculate the two
the 3-D path and the

cribed the techniques used
major elements of a 4-p trajectary,
alrspeed prafile along the path.
These elements must, now be assembled to produce the
complete reference trajectory cons{sting of the reference
slates {position, altitude and heading) and the reference
controls {turning radius, alrspeed and fiight path angle)
a8 a function of time from Inttial to fina! time,

The ioference states and temmands are caleulated by
b procedure which makes use of the chosen parameteri-
zatlon of the 4-D trajectory to minimize fomputer stor-
age. The calculation is done in two steps, In the frst
step, the 3-13 path and the alrapeed nceeleration time
history along the path are used to construct 4 command
table consisting of a sequence of control Inputs arranged
In chronological erder, Since the reference controls are
plecewise constant n tUme, the command table gives the
valucs of the reference contrels only at time {nstants
where they change to new constant values. In the second
step, the reference states between command times are
tomputed analyticslly from the Inftial condition at the
command time and the value of the controls during the
command Interval, Compared to the technique of storing
the reference trajectory at a farge number of time
instants, this technique uses slgnificantly less storage,
an impertant ceaslderation in Implementing the technique
on zn alrborne computer.

The example trajectory shown in Flg. 2 1s used to
illustrate the technique of 4-D trajzctory synthesis
described In this paper. The pilot specifies the trajec-
tory to the system by entering the data given io table 1.
In the onhoard system the waypoint types are replaced
by numericnl codes, Both, ihe Initial position (lft off)
and the touchdown polnt are treated as fnal heading way-
points, In synthesizing the trajectory. The inftial head-
ing and the runway heading assoclated with these
waypelnts are both 6° in this case. Final heading way-
point § and the touchdown point are time control polnts
with arrival times of 260 and 350 sec, respectively,

The wind 13 assumed to be from 0°at 25 f1/s0c. The
airspeed range specified for each waypoint {n table 1 is
valid from the end of the turn performed at that WAY -
polnt to the end of the turn performed at the pext way-
pelot.  This requires choosing starting times of
deceierations/acceleration such that the airspead will

turn. These fixed boundary conditions nre met by syn-
thesizing the alrspeed profile backward from the last
waypoint,

The 4-5 command sequence generated for this fnput
s glven in tabls 2, The minimum and max{mum arrival
timea at the two tme contro} waypolats (WP6 and Wp7)
are glven at the bottom of the table. There are 17 com-
mand times {n this example. Columng 3-8 glve the states
at the command Hines and columns $-11 the plecewise
constant controls between command times. Space lmit-
ations prevent us from glving the equations for comput-
ing the reference stateg between command times. For
the game reason the equation for computing the Instan-
taneous bank angle from the alrapeed, heading, wing
vector and the turning radius 1z not given,
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Table 1. Inpui quantities requlred for example trajec-
tory of Fig. 2. Initial heading = ¢°; runaway heading =
0%, airgpesd ace/dec = 1,5 ft/secz; wind speed/direction

= 25 fi/sec/0°; initial airspeed = 135 ft/sac.

Waypoint coerdinates,  Turp Abrepeod

Waypoint  Waypolnt f el . Time,
mimber type T UL, runge, it
pe X ¥ R 1 ft/sec see
i Initial 1a0a G 3 46064 135105 o
position
4 Ordinary 5340 Q & AGH) 203-3064 -
3 Final 150G [} 2000 40040 203-364 -
he ading
4 Crdinary 006 3060 1hu0 4000 135201 -
5 Ordinary 1509 4000 1600 2000 110-145 -
& Finat -1500 £006 LHOD 1500 118~135 ]
hending
¥ Final g o ] 1564 110110 450
Readlng
{loseh-
down)

Perturbation Eguations and Control Law

Having developed a synthesis procedure for the 4-D
trafectory, which will now be referred to as the reler-
ence trajectory, the next step Is to design a controllaw
for ying it. The design of a control law for this prob-
lem, which Is based on the technique described In Ref, 7
Is accomplished by means of a perturbation method.
Design of the control law for the altitude channel will not
be considered here since this chamnel is simple with
minimal coupling to the other channels.

'

The nonlinear dynamical equation, from which the
perturbation equation are derived, are as follows:

X =V, ocosd, Y- Vo sin® 42, (43

§- gitan ¢
\
a

(44)

where V, is the airspeed, X, Yare components of Vl,
¥ is the heading, ¥ the heading rate, ® the bank angle
and g the acceleration of gravity, 'Ehe W\g@pﬁ,‘,i_swag_&_;_mg;}w
fo be zero and the flight path angle ¥ small such that
cos ¥~ 1, TrTmm—

The perturbation equations are obtained from the
nonilnear equations by expanslon ln a Taylor series
about a moving tarpet reference system as [1lustrated
fn Flg. 7. The eriglu and positlve x-axis of this Y&
tem at any given tlme are the reference positicn and the
direction of the alreraft fiylng the reference trajectory
respectively. In Fig, 7, Kps Y, and ¥, refer tothe
reference position and heading and X, Y, ¥, tothe
alreraft position and heading in the runway-centered
coordinate system. The linear differential equations
ebtained from & Taylor series expansion in the perturbed
Juantities X, ¥, ¥ shown in Fig. 7 are
Ya DY Y=V, !’b“wrx

X = {(435)

. o .
b= gV (sec” 2 0 - (H/V) v, {16)
where v, =V, - \fl_, ¢ = 9, -%.. The advantage of
derlving the perturbalion equations In this t
eneed system {s that terms Involving sin ¥ e
which wolld otherwise appear, are ol iming dthasT
STMPHIY AT U TETTrBAt 6R Bau st IBHE 15T tnrved trajec-
forles, Equations 45 and 46 also show that x and yare
coupled when ¥ % 0, while the galn of the % channel

i{s Inversely proportional to Vo 80 that ¥ and

V. are parameters which depend on the reference
frajectory. A control law for nulling the perturbed
quantities will therefore have to contain \5}1“ and V.. as
parameters,

REFERENCE

mr.qgcmnv;_v% RS

Fig. 7. Moving target reference system,

Table 2. 4-D command sequence for example trajectory

Command States ) Controls

spguence t X, ¥, i, b, Vo, Va Vs 5 R,* Y.
number aee it it it deg ft/sec ft/sec  ft/sce ft deg
] 0 1000 0 G ¢] 110 135, 0 1.5 siraight 6.2
2 13.2 3249.6 ¢ 243.2 o] .t 162.3 1.5 400G r 5,2
3 35,6 6187.8 1285.9 400 47.3 174.1 193, 1 1.5 straight 3.8
4 64,1 9383.6 4749, 1 8GR, 3 47,3 210.9 227.9 [¢] stralght 3.8
5 76.0 11081.6 6534.7 1657.5 47.3 210,89 227,9 G 40001 3.6
i1 143.7 15000 ¢} 2000 -166.0 252.1 227.8 & siralght ~2,0
7 159.8 11671.9 -57%, 4 1860, 2 ~166.0 252.1 227.8 -1.8 straight ~2,0
14 300.3 ~-45000 0 580.0 jij 81,1 116,11 1.5 giraight -7.5
15 300.5 -4482. 8 0 5aT.T ¢ 81.1 116, 4 stralght -7, 5
14 345. 4 ~378.2 4] 449,86 [ §1.1 116, 4 ~1. 3 straight T8
17 350,0 0 o 0 o 55.0  110,0 g straight 0.0

e ot - . 3 3 = 285/376 sec
*pow plght turn, o= left turn ?min/Tmm{ to WPG = 252/324 sec rmm nax to Wh? /
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The control variables of the alrerafll for tracking the
refercnce alreralt are the hank angle ¥, and the speed
Va. A Unear model of the combined autopilot and wip.
craft dynamical response for a bank angle and veloelty
command system can be approximated by the following
equations,

P L) (=6 v kg @ - ko ©

<}

v, = {lx’rv}, (-vg+ ko Vo- kv vc}

(47
{(18)

where ¢ and Yo are the command inputs and @ and
The parameters {n the s¢ two

v s T, were deduced by matching
5 of these equatiens to those of & cur-
eraft with @

values nre

vV, are 1?26 response,
¥ X

equations, k,,
Lheﬂstclzw.mﬁl?ﬁf}_
o TEntly in-servio
:snduziutothroitlc.
¢

50 , G, ;Qﬁ?sec“jlu 1,04 sec, and 4,17 soc, res;)e_ug;,xi
Hvely, The 151 16wing trol law |5 ohogen (G R Ting
The peTturbed Quantities x, y and p,
= - r ; b 4
P kﬁy Voo kg v s t49)
- - : ) 5
s kvx X kvy Yy ¥ (5m

Note that Eqs. (49} - (50) contain ¥ and Vi as param-
cters, This parameterization has been found to he
effective in achieving acceptable performance of the
control law for the class of referenee trajectories of
interest here.

The governing factors foy determining the nume rical

values of the five gains kvx, kvy, k@x‘ k?”}" and kmb
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452

are (a) the accuracy of the navigation data, (b) the allow-
#bla bank angle and throttle activity for passenger
comfort, and {c) the recuracy of following the Bynthe-
slzed reference trajectory. A root locus anlysis of
the closed loop systen {ndleates that a good compromise
between conflicling requirements (B and (¢} 1s to use
G, 0002 rad/f for kg, » 0.094 rad/rad (ft/sec) for L
0.0001 rud/ft (sec/rad) for kox 004 (ft/sec) /1t 15F
Ky, and 0,15 (ft/sec)/1t {sec/rad) for k... This
combination of gain constants was obtainevg by trial and
error using root-locus analysis of Eqas. (45)~(50), The
roots corresponding to this set of galns yield reasonahle
frequency and damping for all values of & from zere
to 6°/sec, A root locus plot of Egs, (45)E(5()) a8 a
function of V. for the cholce of gains given here can he
found in Ref, 7.

Simulation Results

e et SRR BHALS

Figure 8 shows the block diagram of the simulation

used to evaluate the guldance system, The general flow
of computations in the trajectory synthesis algorithm
are indicated Insfde the block drawn wlth daghed lines,
The final product of the synthesls computations 1s the
command schedule. The Reference States and Controls
Generator uses the command schedule, clockiime, and
the measured wind vector to compute the reference
states and contrels for each control time interval, An
Interval of 0.1 seconds was used in the simulation, By
use of the measured wind vector, ground speed and
ground heading are converted to reference alrspeed Vr
and afrspeed heading ¥

The controt loop used to fly the alrcraft along the
reference trajectory is shown in dotall. The frst step

i

e

/
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fystem simulation,
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is to compute the perturbed guantitiog x, Y. %, 4, which
are cbtalned in the transformations given in the bottom
blogk, These quantities are multiplicd by the appropri.
ate gains and ave added as required to form the pertur-
batfon controls Voo ®.. 2o, They are then subiracted
from the reference con rols to form the autopiiot and
tutothrottle Imputs consisting of the command bank angle
*5. the command alrspesd Ve and the command altitude
rate Z.,

A slmplified mode] of the autopiiot, authothrottle and
alrceraft dynamics was developed especlally for use in
4-D guidance and ar traffic control simulation studies,
A detailed flow chart for this medel s given In Ref. 7.
The model consists of a 10t order dynumle systen with
hard limlts on roli, roll rate, airspeed, alrspeed accol-
eration, flight path angle and flight path angle rate, The
actual wind vector Is ajgo an input to the mode!, Out-
put quantities are the actual afroraft states. From
these the navigation sysiem simulation oblalns the mea-
sured aireraft states and the estimated wind vector,

A complete analyals of stmulation results cannot be
given within the length of this paper. We shall show
only the response of the control law to track a STOL
type reforence trajectory in the horizontal plane consist-
ing of & 360* circular sepment with radius 1220 B and
alrspeed of 135 ft/sec, The reference trajectory, which
has x durntion of 56, 7 sec, s penerated with two final
heading waypoints located an the eirele as shown in
Tig, 9. This reference trajectory is a severe fost of
the control law since to fly it requires a refererice bk
angle of 25", almest equal to the hank angle limit « 2g°
used in the aircraft simulatien; leaving little bank margin
for nuiling out errors. Figure 9 also shows the trajec
fories of the simulated atreraft fnr two injtlal conditions
ot an ervor in the wind estimate. The position of the
reference aireraft and of the simulated aiveraft i
marked every 10 soc along the irajectories.,

Yo B2a ftiree

T AR TRAMCIGRY L. ¥or G 14—l R, ZERG wing
T g VB, Yt O, 3 KNG WIND EHRGR e v Kgr o T TR, TERG WIND
20 sec JE— 10 see
Yo - L 7, DIRECTION OF
P e ST WD ERROR
S \\‘--\
’ / - AN . ;
5 Voo i
s i v Nt
r/ 1 A Y
g , 1
2nd FiNAL i o sec }
HE ADING ] / B i see A T see
WAYPOINT i 6.7 sec
py F B [ T A Tonag
30 sec = AL 987 se FOSTGON OF PEF TRAS
} ey
kL HE NG WAYPORYS
o /
\\‘\\\1 #4750 sec
~ -
Reizze it Mg St

Fig. 9. Simulated fght along circular reference
trajectory with initial conditlon errors and wind
estlmate error.

Starting from the two [nitial coenditions, the simulated
atreraft locks onto the reference trajectory after 30 sec
of fHght even though a periad of bank angle Hmliting
ecturs {not shown in Fig. 9) while the control law nulls
the ervors. To evaluate the effect of wind estimate
errors on tracking accuracy, s 8.45 ft/sec (& knots}
constant wind error was introduced, Normally, a wind
estimator, which is part of the navigation system, would
aobserve this errer to a degree and refine itg estlmate,
but in this case he estimator was disabled, The
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resulling tracking error ig 180 ft at the end of the trajec-
tary, Indicating the impertance of accurate wind estim-
ates in precision aireraft control,

Sequenclng and Spreing Algorithm for 4-D Guldance

As described earlicr, the sequencing and spacing
of aircraft with 4-D guldance s achieved through the
assignment of arrival limes at selected points of each
alreraft's terminal area approach route. The svecifica-
tlen of the approach route and thoe assignment of arrival
times is the responsibility of air traffic control, Only
an abbreviated description of the algorithm for arrlval
time asslgnment s pessible within the scope of this

paper,

As each alreraft arrives at one of the feeder fixes
shown in Fip. 1, the alporithm Llocks off a time interval,
or equivalently o distance inlerval around the nominat
alreraft position, This intervel, which moves along the
trajectory with the speed of the al reraft, is checked for
Intersectlon with blocked intervals corresponding to
previously scheduled alreraft. If an intersection cccurs
Al any time prior to touchdown, the rate of movement of
the block is modified by reassigning arrival imes at the
gate and at touchdown. !f a noninte raecting interval of
thme cannet be found by changing the arrival times within
the minimum and maximum arrival time limits, acddi-
tional delay is introduced by helding and/or path streteh-
ing at the feeder fix, The Hme propragation of a blocked
interval and its motion relative to otlrr hloched Intervaly
is studied in Ref. 5 by plotting distanee to touchdown vs,
time to touchdown. Intersecting intervals ars casily
spotied with the help of such time- lstance diagrams,

Alreraft schedullng by means of this algorithm s
currently being investigated in a ren time ATC simula-
tion, In this stmulation, centroller §s presented with
computer-generated time-di stance dlagrams on a CRT
display in addition to the stapdard horizontal sltuation
display. Inspection of the dlsplay permits the controller
to pick nenconflieting arrival times manually or to mon-
itor the automatic assignment of arrl val timea by the
schedullng nlporithm,

Conclusion

The chiel advantage of the approach to4-Dyguidance de -
scribed here is the abilly te specily and compute com-
plex trajectories in flight., This is & highly desirable
feature from the pilet's viewpoint., Another advantage ig
that the technique I8 not st rongly dependent on the alr-
craft type, since the only slreradt parameters used In
synthesizing the trajectories are performance Hmitations,
which ace treated ag parameters,  Furthermore, the
guidance technique cun be inlegrated with a ground based
acheduling technlque to form g complete air traffic con-
trel system. The preclalon of trajectory control and
arrival time achleved with the system provides g xnlid
huse for reducing separation requirements and (nereas-
ing landing rates in future alr traf{ie control mystem,
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